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Figure S1. Flowchart showing the decision process for inclusion and exclusion of literature on the ecotoxicity 

of mixtures of nanomaterials, identified using the ISI Web of Knowledge and PubMed search. 
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Table S1. List of studies on the joint toxicological effects of multiple metal-based engineered nanoparticles (ENPs) on ecological species a 

ENPs 

Types of mixtures 
Ecological species Test concentrations Toxicity endpoints 

Types of 

joint 

interactions 

References 

Algae 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Chlorella sp. 

nTiO2 (anatase) + nTiO2 (rutile): 0.25+0.25, 

0.25+0.5, and 0.5+0.5 mg/L 

Cell viability, chlorophyll 

content, 

uptake/internalization, 

cell surface morphology, 

ultra-structural changes, 

DNA damage, and ROS 

generation 

Antagonistic 

Iswarya et al., 

2015 
nTiO2 (anatase) + nTiO2 (rutile): 0.25+1, 

0.5+0.25, 0.5+1, 1+0.25, 1+0.5, and 1+1 mg/L 
Additive 

nSiO2 + nTiO2 

(anatase@rutile) 

Scenedesmus obliquus 

nSiO2: 1 μg/L and 1 mg/L 

nTiO2 (anatase@rutile): 1 μg/L and 1 mg/L 

nZrO2: 1 μg/L and 1 mg/L 

Mixtures (1:1 and 1:1:1 ratios) 

Chlorophyll content, 

intracellular levels of 

ROS, mitochondrial 

membrane potential, 

permeability of cell 

membrane, antioxidant 

activities, and cell surface 

morphology 

n.d. 

Liu et al., 2018 

nSiO2 + nZrO2 n.d. 

nTiO2 

(anatase@rutile) + 

nZrO2 

n.d. 

nSiO2 + nTiO2 

(anatase@rutile) + 

nZrO2 

Synergistic 

nCdS + nZnS 

Heterosigma akashiwo 

nCdS: 12 mg/L 

nSiO2 (with no inclusions): 143.5 mg/L 

nSiO2 (with metal inclusions): 2.1 mg/L  

nTiO2 (anatase): 79.5 mg/L  

nZnS: 53 mg/L 

Growth inhibition, 

esterase activity, 

membrane potential, ROS 

generation, and cell size 

Antagonistic 

Pikula et al., 2022 

nCdS + 

nTiO2 (anatase) 
Synergistic 

nCdS+ nSiO2 (with 

no inclusions) 
Synergistic 

nCdS + nSiO2 (with 

metal inclusions) 
Antagonistic 
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nTiO2 (anatase) + 

nZnS 
Synergistic 

nSiO2 (with no 

inclusions) + nZnS 
Synergistic 

nSiO2 (with metal 

inclusions) + nZnS 
Antagonistic 

nSiO2 (with no 

inclusions) + nTiO2 

(anatase) 

Synergistic 

nSiO2 (with metal 

inclusions) + nTiO2 

(anatase) 

Additive 

nSiO2 (with no 

inclusions) + nSiO2 

(with metal 

inclusions) 

Additive 

nTiO2 (Spherical, 

anatase@rutile) + 

nTiO2 (Tubular) 

Scenedesmus obliquus 

nTiO2 (Spherical, anatase@rutile) + nTiO2 

(Tubular): 

2.33+13.16 and 19.75+211.26 mg/L 

Growth inhibition and 

intracellular ROS 

generation 

Additive 

Wang et al., 2020 

Chlorella pyrenoidosa 
nTiO2 (Spherical, anatase@rutile) + nTiO2 

(Tubular): 0.13+0.002 and 5.38+4.87 mg/L 

Additive 

Synergistic 

nCuO + nZnO Scenedesmus obliquus 

nCuO: 2.1 μg Cu/L-4.3 mg Cu/L 

 nZnO: 6.6 μg Zn/L-33.1 mg Zn/L 

Mixtures: equal toxic ratio 

Growth inhibition Additive Ye et al., 2017 

Bacteria 

nAg + nPt 
Escherichia coli 

nAg + nPt: 30+70, 50+50, and 70+30 wt% Antimicrobial activity n.d. 
Breisch et al., 

2020 Staphylococcus aureus 

Escherichia coli Synergistic Chen et al., 2020 
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nCuO + nTiO2 

(anatase@rutile) 

nCuO + nTiO2 (anatase@rutile): 0.1+2, 0.2+2, 

0.3+2, and 0.4+2 mg/L 

Bacterial ATP levels, cell 

membrane integrity, and 

ROS production 

Slight 

additive 

nAg + nCuO 

Nitrifying bacteria 
The concentration of each metallic/oxide 

nanoparticles was 1 mg/L 

Nitrification inhibition 

and intracellular ROS 

concentrations 

Additive 

Choi and Hu, 2009 

nAg + nTiO2 

(anatase) 
Additive 

nAg + nZnO Antagonistic 

nAg + nCuO + 

nTiO2 (anatase) 
Additive 

nTiO2 (anatase) + 

nZnO 
Escherichia coli 

nTiO2 (anatase):1, 10, 100, and 1000 mg/L 

nZnO:1, 10, 100, and 1000 mg/L 

Mixtures (1:1 ratio) 

Growth reduction and cell 

wall damage 
Antagonistic 

Srivastava and 

Kumar, 2017 

nTiO2 

(anatase@rutile) + 

nZnO 

Escherichia coli 

nTiO2 (anatase@rutile) + nZnO: 10+1 and 

10+25 mg/L 

ATP levels, cell 

membrane integrity, ROS 

production, and 

nanoparticle/bacterial 

surface interactions 

Antagonistic Tong et al., 2015 
Aeromonas hydrophila 

nAg + nTiO2 

(anatase@rutile) 
Escherichia coli 

nAg: 5, 10, 20, 30, and 40 μg/L 

nTiO2 (anatase@rutile): 1 and 10 mg/L 
ATP levels 

n.d. 

(under dark) 
Wilke et al., 2016 

nAg + nTiO2 

(anatase@rutile) 
Escherichia coli 

nAg: 5, 10, 20, and 30 μg/L 

nTiO2 (anatase@rutile): 1 and 2 or 10 mg/L 

ATP levels, cell 

membrane integrity, and 

ROS production 

Synergistic 

(under light) 
Wilke et al., 2018 

nCeO2 + nZnO 

Nitrosomonas europaea 

nCeO2 + nZnO: 1+10, 10+10, and 50+10 mg/L 
Cell size, charge, 

morphology, density, 

membrane integrity, 

ammonia removal rate, 

amoA gene expression, 

and AMO activity 

Synergistic 

Yu et al., 2016a 
nCeO2 + nTiO2 

(anatase) 

nCeO2 + nTiO2 (anatase): 50+1, 50+10, and 

50+50 mg/L 
Antagonistic 
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nTiO2 (anatase) + 

nZnO 
Nitrosomonas europaea 

nTiO2 (anatase) + nZnO: 1+10, 10+10, and 

50+10 mg/L 

Cell size, charge, 

morphology, density, 

membrane integrity, 

ammonia removal rate, 

AMO activity, and 

transcriptional 

response 

Antagonistic Yu et al., 2016b 

nAg + nCu 
Escherichia coli 40 mL of nAg and 40 mL of nCu were 

separately synthesized in 3% (w/v) of chitosan 

and then mixed together 

Bacterial growth 

inhibition 
n.d. Zain et al., 2014 

Bacillus subtilis 

nCuO + nZn 

Vibrio fischeri 

nCu (EC50): 4.1 mg/L 

nZn (EC50): 20.5 mg/L 

nCuO (EC50): 118.7 mg/L 

nZnO (EC50): 11.6 mg/L 

Equitoxic binary mixtures of nanoparticles were 

prepared based on the EC50 values of individual 

nanoparticles to determine their joint effects 

Bioluminescence 

inhibition 

Synergistic 

Zhang et al., 2020 

nCuO + nZnO Synergistic 

nCu + nZn Synergistic 

nCu + nCuO Antagonistic 

nCu + nZnO Antagonistic 

nZn + nZnO Additive 

Daphnia 

nAg + nZnO Daphnia magna 

nAg: 0.05 to 0.25 mgꞏAg/L and nZnO: 0.5 to 

1.3 mgꞏZn/L for immobilization tests; 

Combined exposures: based on a full factorial 

design 

nAg: 0.095 to 0.5 mgꞏAg/L and nZnO: 0.1 to 

0.4 mgꞏZn/L for reproduction tests; Combined 

exposures: a fixed ray design based on 

individual toxic units 

Immobilization and 

reproduction 

Synergistic 

Azevedo et al., 

2017 

Antagonistic 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Ceriodaphnia dubia 

nTiO2 (anatase): 4.63, 9.26, 13.89, 18.52, 23.15, 

27.78, and 32.41 mg/L 
Mortality and biouptake 

Antagonistic 

(under 

Iswarya et al., 

2016 
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nTiO2 (rutile): 6, 12, 18, 24, 30, 36, and 42 

mg/L 

Mixtures: equal toxic proportions 

visible 

irradiation) 

nTiO2 (anatase): 2.82, 5.64, 8.46, 11.28, 14.10, 

16.92, and 19.74 mg/L 

nTiO2 (rutile): 2.97, 5.94, 8.91, 11.88, 14.85, 

17.82, and 20.79 mg/L 

Mixtures: equal toxic proportions 

Additive 

(under UV-A 

irradiation) 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Ceriodaphnia dubia 

Mixtures: 75, 300, and 1200 μM 

the mixtures treated algal diet 

In case of a binary mixture, the equal 

concentration of anatase and rutile 

nanoparticles forms the total concentration of 

binary mixture 

Mortality, ultra-structural 

deformities, 

bioaccumulation, and 

biomagnification 

Antagonistic 

(under 

visible 

irradiation) 
Iswarya et al., 

2018 
Antagonistic 

(under UV-A 

irradiation) 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Ceriodaphnia dubia 

Mixtures: 75, 150, 300, 600, and 1200 μM 

the mixtures treated algal diet 

The binary mixture comprises an equal 

concentration of rutile and anatase 

nanoparticles 

Mortality and oxidative 

stress (MDA, CAT, and 

GSH) 

Synergistic 

(lower 

concentratio

n, under 

visible 

irradiation) 

Iswarya et al., 

2019 

Additive 

(higher 

concentratio

n, under 

visible 

irradiation) 

Additive 

(lower 

concentratio
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n, under UV-

A 

irradiation) 

Antagonistic 

(higher 

concentratio

n, under UV-

A 

irradiation) 

nAg + nZnO Daphnia magna nAg: 1-25 μg/L and nZnO: 0.25-5 mg/L 
Immobilization and 

feeding inhibition 
Synergistic Lopes et al., 2016 

nCu + nCr Daphnia magna 

Joint toxicity of binary mixtures was 

determined at an equal concentration (1:1), and 

the total concentrations were 0.4, 2, 10, 50, and 

100 μg/L 

Reproduction and growth, 

rates of filtration and 

ingestion, as well as 

changes in enzyme 

activities: AChE, SOD, 

CAT, and GST 

More-than- 

additive 
Lu et al., 2017 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Daphnia similis 

70:30 anatase: rutile ratio (w/w) 

1 to 100 mg/L TiO2 
Immobilization n.d. 

Marcone et al., 

2012 

nCu + nZnO Daphnia magna 
nCu + nZnO: 0.11 mg Cu/L+1.29 mg Zn/L 

nCu + nZnO: 0.40 mg Cu/L+4.01 mg Zn/L 

Mortality and 

bioaccumulation 

Additive 

Yu et al., 2022 More-than- 

additive 

nCuO + nZnO Daphnia magna 

Binary mixtures were also tested according to 

an equiconcentration ratio of 1:1 and the total 

exposure concentrations were 0.0004, 0.002, 

0.01, 0.05, and 0.25 mg/L 

Immobilization, mortality, 

reproduction (fecundity) 

and growth, as well as 

filtration and ingestion 

rates 

Synergistic 

Zhao et al., 2012 
Partial 

additive 

Fish 

Cyprinus carpio Antagonistic 
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nAg + nTiO2 

(anatase@rutile) 

nAg: 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 

and 0.70 mg/L for acute toxicity tests and nAg: 

0.05 and 0.1 mg/L for chronic toxicity tests 

nTiO2 (anatase@rutile): 1 mg/L 

Mortality, 

bioaccumulation, 

oxidative stress (SOD, 

CAT, and GST), and gill 

histopathology 

Synergistic 

Haghighat et al., 

2021 
Additive 

nCu + nZnO Poeciliopsis lucida 

nCu: 0.39, 0.78, 1.56, 3.13, 6.25, 12.5, and 25 

μg/mL 

nZnO: 6.25 μg/mL 

Cell viability, cell 

morphology, and metal 

internalization 

n.d. 

Hernández-

Moreno et al., 

2016 

nCu + nZnO Oncorhynchus mykiss 
nCu: 0.0425, 0.085, 0.17, and 0.34 mg/L 

nZnO: 1.25 mg/L 

Survival, metal 

internalization, and 

oxidative stress (EROD 

activity, GST activity, and 

GSH/GSSG ratio) 

n.d. 

Hernández-

Moreno et al., 

2019 

nTiO2 (spherical, 

anatase) + nZnO 

(stick-shaped) 

Danio rerio 

nTiO2 (spherical, anatase): 1.5, 3, 6, 12, and 24 

mg Ti/L 

nZnO: 2, 4, 8, 16, and 32 mg Zn/L 

Mortality and hatching 

rate 
Antagonistic Hua et al., 2016 

nCeO2 + nCuO Zebrafish embryos 

nCeO2: 0.01, 0.1, 1, 10, and 50 μg/mL 

nCuO: 0.01, 0.1, 1, 10, and 50 μg/mL 

Mixtures (1:1 ratio) 

Mortality rate, hatching 

rate, malformations, 

oxidative stress genes, 

CAT enzyme activity, 

DNA damage, and 

apoptosis and necrosis 

n.d. Kaur et al., 2019 

nCuO + nTiO2 

(anatase@rutile) 
Cyprinus carpio 

nCuO + nTiO2 (anatase@rutile): 2.5+10 and 

5.0+10 mg/L 

Oxidative stress 

biomarkers 

in the liver, brain, and 

gills and 

acetylcholinesterase 

activity (a biomarker that 

indicates neurotoxicity) in 

the brain and muscle, as 

n.d. 
Mansouri et al., 

2016 



S10 
 

well as induce 

histopathological 

alterations in the gills, 

liver and retina 

nCuO + nTiO2 

(anatase@rutile) 
Cyprinus carpio 

nCuO + nTiO2 (anatase@rutile): 2.5+10 and 

5.0+10 mg/L 

Histopathological 

anomalies of gill and 

intestine tissues in C. 

carpio 

Synergistic 
Mansouri et al., 

2017 

nTiO2 + nZnO Prochilodus lineatus nTiO2 + nZnO: 1+1 μg/L 

Biochemical responses 

(AchE activity, protein 

carbonylation, lipid 

peroxidation, and non-

protein thiols) and injuries 

in organs (histological and 

ultra-structural analyses) 

n.d. 
Miranda et al., 

2016 

nAg + nCuO Clarias gariepinus 

nCuO: 6.25, 12.5, 25, 50, and 100 mg/L 

nAg: 6.25, 12.5, 25, 50, and 100 mg/L 

Mixtures (1:1 ratio) 

Frequency of 

micronucleus, 

haematology, 

histopathology (skin, gills 

and liver), and hepatic 

oxidative stress analysis 

(MDA, reduced GSH, 

SOD, and CAT) 

Antagonistic 

Ogunsuyi et al., 

2019 

Synergistic 

nCuO + nCeO2 

Carassius auratus 

20, 40, 80, 160, and 320 mg/L. The binary and 

ternary mixtures were tested at an equi-

concentration ratio of 1:1 or 1:1:1 (W/V) 

AChE activity, Na+/K+-

ATPase activity, SOD 

activity, and CAT activity 

Antagonistic 

Xia et al., 2013 

nCuO + nZnO Synergistic 

nCeO2 + nZnO Antagonistic 

nCeO2 + nCuO + 

nZnO 
Additive 

Fungi 
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nAg + nMoS2 

(chitosan 

functionalization) 

Saccharomyces 

cerevisiae 

nAg: 5, 10, 20, 30, and 40 μg/L  

nMoS2 (chitosan functionalization): 1 and 10 

mg/L 

Oxidative stress 

(intracellular ROS 

generation), membrane 

stress (intracellular lactate 

dehydrogenase activity), 

and metabolic activities 

Synergistic Yang et al., 2018 

Insects 

nCdO + nPbO Apis mellifera 
nCdO: 0.01 mg/mL 

nPbO: 0.65 mg/mL 

Content of nCdO and 

nPbO in midgut tissues, 

survival, morphological 

assessment of midgut 

tissues, ultrastructure 

observations, and 

incidence of apoptosis and 

necrosis of midgut 

epithelia 

Antagonistic Dabour et al., 2019 

nZn + nCu 
Folsomia candida 

nZn: nCu: 300+300 mg/kg 
Survival and reproduction 

Antagonistic 
Jośko et al., 2022 

nZnO + nCuO nZnO: nCuO: 300+300 mg/kg Synergistic 

Plants 

nCo + nFe + nNi Lactuca sativa 
Influent: 2,700 mg nCo + 50,000 mg nFe + 

6,250 mg nNi; DI Water 123 kg 
Germination and growth n.d. 

Hassanein et al., 

2021 

nTiO2 (anatase) + 

nZnO 
Vigna angularis 

nTiO2 (anatase): 20, 40, 60, 80, 100, and 200 

μg/mL 

nZnO: 20, 40, 60, 80, 100, and 200 μg/mL 

Mixtures (1:1 ratio) 

Seed germination, 

root/shoot length, total 

chlorophyll content, 

carotenoids and lipid 

peroxidation, oxidative 

stress and antioxidant 

enzyme activity, kinetic 

uptake and transport 

n.d. Jahan et al., 2018 

nCuO + nZnO Hordeum vulgare nCuO: 300 mg Cu/kg Biomass, plant mineral n.d. Jośko et al., 2021 
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nZnO: 300 mg Zn/kg 

Mixtures (1:1 ratio) 

composition as well as 

expression of genes 

regulating metal 

homeostasis 

(ZIP1,3,6,8,10,14, RAN1, 

PAA1,2, MTP1, COPT5) 

and detoxification (MT1–

3) 

nCuO + nZnO 

nCuO + nTiO2 

nCuO + nCr2O3 

nCuO + nFe2O3 

nZnO + nTiO2 

nZnO + nCr2O3 

nZnO + nFe2O3 

Lepidium sativum 

Concentration of each nanoparticles was set to 

be 100 mg/L 

Mixtures (1:1 ratio) 

Seed germination, root 

growth inhibition rates, 

and the external and 

internal surface area of 

root 

Antagonistic Jośko et al., 2017 

Linum usitatissimum 

Cucumis sativus 

Triticum aestivum 

nCdO + nCuO Vigna radiata 
0.1, 1, and 10 mg/L 

Mixtures (1:1 ratio) 

Germination percent, 

relative germination rate, 

and metal accumulations 

n.d. Jung et al., 2020 

nCuO + nZnO 

nCuO + nNiO 

nZnO + nNiO 

Lactuca sativa 

nCuO: 0.06 and 0.12 mg/L 

nZnO: 0.12 and 0.25 mg/L 

nNiO: 0.15 and 0.3 mg/L 
Root and shoot growth Additive Kong et al., 2021 

Raphanus sativus 

nCuO: 0.09 and 0.18 mg/L 

nZnO: 0.31 and 0.62 mg/L 

nNiO: 0.71 and 1.42 mg/L 

nCu + nZnO Lactuca sativa 
nCu: 0.10 to 0.80 mg/L 

nZnO: 0.50 to 50.00 mg/L 

Relative root elongation 

rate 
Antagonistic Liu et al., 2016 

nTiO2 (anatase) + 

nTiO2 (rutile) 
Pisum sativum 

800 mg of TiO2 per kg of soil 

Mixture of anatase and rutile nTiO2: 1:1 ratio 

TiO2 particles’ entry in 

the root system, 
n.d. 

Muccifora et al., 

2021 
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bioaccumulation, relative 

distribution, and localiz-

ation, as well as the main 

crystalline form 

preferentially absorbed 

and their effect in cells 

ultrastructure of plant 

roots 

nCuO + nZnO Spinacia oleracea 

nCuO: 10, 100, and 1000 mg/L 

nZnO: 10, 100, and 1000 mg/L 

Mixtures (1:1 ratio) 

Root length, shoot length, 

total weight, chlorophyll 

content, carotenoid 

content, and ion content 

of S. oleracea plants 

n.d. 
Singh and Kumar, 

2016 

nCuO + nZnO Raphanus sativus 

nCuO: 10, 100, and 1000 mg/kg 

nZnO: 10, 100, and 1000 mg/kg 

Mixtures (1:1 ratio) 

Seed germination (root 

length, shoot length, and 

fresh weight) and metal 

uptake 

Antagonistic 
Singh and Kumar, 

2018 

nCuO + nZnO Raphanus sativus 

nCuO: 0.1, 1, 10, 100, and 1000 mg/L 

nZnO: 0.1, 1, 10, 100, and 1000 mg/L 

Mixtures (1:1 ratio) 

Seed germination (root 

length, shoot length, and 

fresh weight) and metal 

uptake 

Antagonistic 
Singh and Kumar, 

2019 

nCuO + nZnO Spinacia oleracea 
nCuO + nZnO: 1.2×10-4 +1.2×10-4, 1.2×10-

3+1.2×10-3, 1.2×10-2+1.2×10-2 mol/kg of soil 

Maturity, plant fresh 

weight, root length, and 

metal uptake 

Additive 
Singh and Kumar, 

2020a 

nAg2O + nTiO2 

(anatase) 
Spinacia oleracea 

nAg2O: 1 and 10 mg/kg 

nTiO2 (anatase): 1 and 10 mg/kg 

Mixtures (1:1 ratio) 

Plant physiology and 

development (root length, 

shoot length, and fresh 

weight), total chlorophyll 

and carotenoid contents, 

and metal uptake 

Additive 
Singh and Kumar, 

2020b 
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nCeO2 + nZnO Pisum sativum 

Ce: 100 and 200 mg/L 

Zn: 100 and 200 mg/L 

Mixtures (1:1 ratio) 

Plant growth (root and 

stem lengths and fresh 

weight), Ce and Zn 

concentrations in roots 

and shoots, 

photosynthesis pigments 

(contents of chlorophyll a, 

chlorophyll b, and 

carotenoids), and 

photosynthetic parameters 

(leaf net photosynthesis, 

sub-stomatal CO2 

concentration, 

transpiration, stomatal 

conductance, 

photosynthetic water 

use efficiency, and 

photosynthetic CO2 

response curve 

n.d. Skiba et al., 2021 

nCdO + nCuO Vigna radiata 
nCdO + nCuO: 1+1, 10+10, and 100+100 

mg/kg 

Seed germination, plant 

growth, and metal 

accumulation 

Antagonistic 
Subpiramaniyam 

et al., 2021 

a N.d. = not determined. AChE ‒ acetylcholinesterase, AMO ‒ ammonia monooxygenase, ATP ‒ adenosine triphosphate, ATPase ‒ adenosine 
triphosphatase, CAT ‒ catalase, COX ‒ cyclooxygenase, EROD ‒ ethoxyresorufin-O-deethylase, GSH ‒ glutathione, GSSG ‒ oxidized glutathione, GST 
‒ glutathione S-transferase, LPO ‒ lipid peroxidation, MDA malondialdehyde, nMoS2 ‒ molybdenum disulfide nanosheets, ROS ‒ reactive oxygen species, 
SOD ‒ superoxide dismutase. 
For presentation purposes, nSiO2 (with metal inclusions) is shortened to nSiO2(m), nTiO2 (anatase) is shortened to nTiO2(a), nTiO2 (anatase@rutile) is 
shortened to nTiO2(a@r), nTiO2 (rutile) is shortened to nTiO2(r).  
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Table S2. List of studies on the joint toxicological effects of multiple engineered nanoparticles (ENPs) comprising of nonmetal-based components on 

ecological species a 

ENPs 

Types of mixtures 
Ecological species Test concentrations Toxicity endpoints 

Types of joint 

interactions 
References 

nPS + nTiO2 

(anatase@rutile) 
Scenedesmus obliquus 

nPS: 1 mg/L 

nTiO2 (anatase@rutile): 0.025, 0.25, and 

2.5 mg/L 

Cell viability, morphological 

changes, oxidative stress 

(total ROS, superoxide 

radical, hydroxyl radical), 

antioxidant activity, 

photosynthetic efficiency, 

and esterase activity 

Antagonistic 

Das et al., 2022 

Additive 

nPS + nZnO 
Ctenopharyngodon 

idella 

nPS: 760 μg/L 

nZnO: 760 μg/L 

Behavioral, biochemical 

(nitric oxide dosage, 

TBARS, hydrogen peroxide, 

total glutathione content, 

DPPH radicals’ scavenging, 

SOD, and AChE activity, 

nutritional status), and 

genotoxic biomarkers 

No observed 

antagonistic, 

synergistic or 

additive effect 

Estrela et al., 2021 

MWCNTs + nCuO Tetradesmus obliquus 
MWCNTs: 1, 10, and 100 mg/L  

nCuO: 2 and 200 mg/L 

Growth inhibition, 

membrane damage, physical 

damage, oxidative stress 

(ROS level, SOD, and 

MDA), and internalization of 

Cu 

n.d. Fang et al., 2022 

nSe + nZnO Zebra fish (D. rerio) nSe + nZnO (2 mg/kg each) 

Survivability, growth 

performance parameters, 

intracellular ROS, gene 

expression, and fecundity 

and development 

Synergetic Fasil et al., 2021 
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MWCNTs + nZnO Brassica rapa 
MWCNTs: 10 and 100 mg/L 

nZnO: 10, 50, and 100 mg/L 

The length of roots and 

stems, chlorophyll content, 

oxidative stress (relative 

ROS, soluble sugar, and 

MDA contents), antioxidant 

enzyme activity (CAT, POD, 

and SOD), metal element 

content, and root scanning 

electron microscopy 

Synergetic Hong et al., 2022 

nPS + nAg 

Chlamydomonas 

reinhardtii 

nAg: 3, 10, 30, 100, and 200 μg/L 

nPS: 3 and 30 mg C/L Cell-specific growth rate and 

subcellular distributions 
Synergistic Huang et al., 2019 

Ochromonas danica 
nAg: 10, 30, 100, 200, and 300 μg/L 

nPS: 3 and 30 mg C/L 

nPS + nTiO2 

(anatase@rutile) 

Chlorella sp. 

nPS, COOH-nPS, and NH2-nPS: 5 mg/L 

nTiO2 (anatase@rutile): 0.25, 0.5, and 1 

mg/L 

Cell viability, oxidative 

stress (total ROS, superoxide 

and hydroxyl radical, CAT 

and SOD, and MDA), 

maximum quantum yield of 

PS II, and esterase activity 

Antagonistic 
Natarajan et al., 

2022 

COOH-nPS + nTiO2 

(anatase@rutile) 

NH2-nPS + nTiO2 

(anatase@rutile) 

GNs + nZnO Capoeta fusca 
GNs + nZnO: 6.5+0.04 and 6.5+0.09 

mg/L 

Bioconcentration (uptake 

and elimination) 
n.d. Sayadi et al., 2021 

MLGs + nZnO Capoeta fusca 

MLGs: 6.5 mg/L 

nZnO: 0.1, 0.4, 0.9, 1, 5, 10, 15, 20, 25, 

and 30 mg/L for acute toxicity test and 

nZnO: 0.09 mg/L for behavioural assay 

and histopathology 

Lethality, histopathological 

and behavioral changes 

Synergistic  

Sayadi et al., 2022 

Antagonistic 

GO + nZnO Scenedesmus obliquus 

GO: 0.5-50 mg/L 

nZnO: 0.01-50 mg/L 

Mixture ratios: EC10 and EC50 of each 

component 

Growth inhibition rate and 

total ROS level 
Additive Ye et al., 2018 
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Daphnia magna 

GO: 1-80 mg/L 

nZnO: 0.01-0.4 mg/L 

Mixture ratios: EC10 and EC50 of each 

component 

Immobilization rate and total 

ROS level 
Additive 

Danio rerio 

GO: 20-160 mg/L 

nZnO: 2-20 mg/L 

Mixture ratios: LC10 and LC50 of each 

component 

Lethality and total ROS level Antagonistic 

CNCs + nZnO 
Eremosphaera 

viridis 

CNCs: 100 mg/L 

nZnO: 1, 5, and 10 mg/L 

Dry weight, chlorophyll a, 

chlorophyll b, ROS level, 

CAT activity, MDA content, 

cellular superficial- and 

ultra-structures, elemental 

distribution as well as 

proteins and lipids in a single 

algal cell 

n.d. Yin et al., 2022 

GNs + nZrO2 

Chlorella pyrenoidosa 

GNs: 0.1 and 1 mg/L 

nZrO2: 1, 5, 10, 17.5, 25, and 50 mg/L 

GNs + nZrO2: 1+EC10 and 1+EC50 mg/L 

Growth inhibition, 

intracellular levels of ROS, 

mitochondrial membrane 

potential, permeability of 

cell membrane, and cellular 

superficial- and ultra-

structures 

Synergistic 

Wang et al., 2021 

rGO + nZrO2 

rGO: 0.1 and 1 mg/L 

nZrO2: 1, 5, 10, 17.5, 25, and 50 mg/L 

rGO + nZrO2: 1+EC10 and 1+EC50 mg/L 

Synergistic 

MWCNTs + nPS Microcystis aeruginosa 
MWCNTs: 5, 10, 20, and 50 mg/L 

nPS: 5, 10, 20, and 50 mg/L 

Growth (cell density), 

photosynthesis (chlorophyll 

a), total protein, antioxidant 

responses (SOD and MDA), 

membrane damage, genetic 

material damage, and 

metabolic process 

Antagonistic Zhang et al., 2022 
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GO + nAl2O3 Chlorella pyrenoidosa 

GO: 25 mg/L 

nAl2O3: 50, 100, 150, 300, 450, and 600 

mg/L 

Growth inhibition, 

membrane damage, oxidative 

stress, and physical damage 

n.d. Zhao et al., 2018 

GQDs + nZnO Gymnodinium 
GQDs + nZnO: 1+1, 20+5, and 20+20 

mg/L 

Cell density, specific growth 

rates, total intracellular ROS, 

enzyme activities (SOD and 

ATPase), and surface 

interaction of nanoparticles 

and algal cells 

Antagonistic Zhu et al., 2022 

a N.d. = not determined. AChE ‒ acetylcholinesterase, ATPase ‒ adenosine triphosphatase, CNCs ‒ cellulose nanocrystals, COOH-nPS ‒ carboxyl-
functionalized polystyrene nanoplastics, DPPH ‒ diphenyl-1-picrylhydrazyl, EC10 ‒ 10% effect concentration, EC50 ‒ 50% effect concentration, GNs ‒ 
graphene nanosheets, GO ‒ graphene oxide, GQDs ‒ graphene quantum dots, LC10 ‒ 10% lethal concentration, LC50 ‒ 50% lethal concentration, MDA‒ 
malondialdehyde, MLGs ‒ multi-layer graphenes, MWCNTs ‒ multiwall carbon nanotubes, NH2-nPS ‒ amine-functionalized polystyrene nanoplastics, 
POD ‒ peroxidase, nPS ‒ polystyrene nanoplastics, rGO ‒ reduced graphene oxide, nSe ‒ nano-selenium, SOD ‒ superoxide dismutase, SWCNTs ‒ single 
walled carbon nanotubes, TBARS ‒ thiobarbituric acid reactive species. 
For presentation purposes, nTiO2 (anatase@rutile) is shortened to nTiO2(a@r). 
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Table S3. List of studies on the potentiation or attenuation of effects of mixtures of individual engineered nanoparticles (ENPs) on ecological species a 

ENPs 

Types of mixtures 
Ecological species Potentiation or attenuation of effects References 

nAg + nPt 
Escherichia coli 

nPt significantly increased the toxicity of nAg ↑ 
Breisch et al., 

2020 Staphylococcus aureus 

MWCNTs + nCuO Tetradesmus obliquus 

The existence of nCuO in some groups reduced cell membrane damage 

caused by MWCNTs 
↓ 

Fang et al., 2022 
The highest concentration of nCuO combined with the highest 

concentration of MWCNTs enhanced the induced ROS level 
↑ 

nAg + nTiO2 

(anatase@rutile) 
Cyprinus carpio 

nTiO2 increased acute toxicity of nAg ↑ 

Haghighat et al., 

2021 

nTiO2 increased Ag accumulation in liver and intestine ↑ 

nTiO2 decreased Ag accumulation in gills ↓ 

nTiO2 somewhat mitigated the effects of nAg on antioxidant enzymes 

activities 
↓ 

nCu + nZnO Poeciliopsis lucida 
The cytotoxicity exerted by nCu was enhanced in presence of non-toxic 

concentrations of nZnO 
↑ 

Hernández-

Moreno et al., 

2016 

nCu + nZnO Oncorhynchus mykiss 
The co-exposure of rainbow trout to non-toxic concentrations of nCu and a 

fixed non-toxic concentration of nZnO resulted in lethal effects 
↑ 

Hernández-

Moreno et al., 

2019 

nTiO2 (anatase) + 

nZnO 
Vigna angularis The combination led to attenuated uptake and translocation behavior ↓ Jahan et al., 2018 

nCuO + nZnO Hordeum vulgare 

After combined treatment of ENPs, the extractable concentrations of Cu 

and Zn were lower than upon individual exposure in bulk soil 
↓ 

Jośko et al., 2021 Genes related to metal uptake (ZIP) and cellular compartment (PAA2, 

RAN1) were mostly up-regulated by single rather than combined 

application of ENPs 

↓ 

nCdO + nCuO Vigna radiata 
The germination rate of the nCdO + nCuO treatment was less than that of 

the single metal exposure under both humidities (70% and 80%) at 48 h 
↓ Jung et al., 2020 
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nCuO + nCeO2 Zebrafish embryos 
The harmful effects of the mixtures were more than nCeO2 and less than 

that of nCuO 
↑↓ Kaur et al., 2019 

nCuO + nTiO2 

(anatase@rutile) 
Cyprinus carpio 

The joint presence of nTiO2 can potentially increase the uptake of nCuO in 

the tissues of carp 
↑ 

Mansouri et al., 

2016 

nCeO2 + nZnO Pisum sativum The effects of nZnO were decreased by nCeO2 ↓ Skiba et al., 2021 

GNs + nZnO Capoeta fusca The presence of GNs reduced the bioavailability of nZnO ↓ 
Sayadi et al., 

2021 

nAg + nTiO2 

(anatase@rutile) 
Escherichia coli nTiO2 attenuated the toxicity of nAg ↓ 

Wilke et al., 

2016 

nAg + nMoS2 

(chitosan 

functionalization) 

Saccharomyces 

cerevisiae 

nMoS2 attenuated the oxidative stress induced by nAg on the yeast cells ↓ 

Yang et al., 2018 
nAg inhibited the metabolic activities in yeast cells, but this inhibition 

phenomenon could be alleviated by nMoS2 
↓ 

CNCs + nZnO 
Eremosphaera 

viridis 

The addition of CNCs enhanced the bioavailability and toxicity of nZnO 

to the algae 
↑ 

Yin et al., 2022 
The nZnO-CNC association enhanced the envelopment of the algal cells 

and exerted strong oxidative stress as compared to bare nZnO 
↑ 

GO + nAl2O3 Chlorella pyrenoidosa 

Algal growth inhibition by GO with coexisting nAl2O3 particles was much 

lower than the sum of inhibitions from the individual materials for nAl2O3, 

showing the toxicity mitigation by nAl2O3 

↓ 

Zhao et al., 2018 

GO-induced algal membrane damage was suppressed by the nAl2O3 ↓ 

a ↑ indicates the potentiation of effect of mixtures of individual ENPs and ↓ indicates the attenuation of effect of mixtures of individual ENPs. CNCs ‒ 
cellulose nanocrystals, GNs ‒ graphene nanosheets, GO ‒ graphene oxide, MWCNTs ‒ multiwall carbon nanotubes. 
For presentation purposes, nTiO2 (anatase) is shortened to nTiO2(a), nTiO2 (anatase@rutile) is shortened to nTiO2(a@r). 
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 Table S4. List of studies on the toxicological effects of multicomponent nanomaterials (NMs) on ecological species a 

Types of hybrid 

NMs 
Ecological species Toxicity endpoints 

Minimum inhibitory 

concentration 
Toxic effects References 

nAg@nZnO Daphnia magna 
Immobilization and 

reproduction 
n.d. 

nAg@nZnO hybrid NMs showed higher 

toxicity than predicted based on the toxicity 

of nAg and nZnO 

Azevedo et 

al., 2017 

GO@nZnO 

Escherichia coli 

Growth of bacteria n.d. 

The antibacterial activity of GO@nZnO 

nanorods hybrid NMs has been 

demonstrated 

Bhaisare et 

al., 2016 Staphylococcus 

aureus 

α‑nFe2O3@nCo3O4 

B. subtilis 

Bacterial growth 

inhibition 

90 mg/dL The enhanced bactericidal activity of the 

α‑nFe2O3@nCo3O4 nanocomposite was the 

result of synergistic effects of iron oxide and 

cobalt oxide nanoparticles 

 Bhushan et 

al., 2018 

S. aureus 75 mg/dL 

E. coli 60 mg/dL 

S. typhi 45 mg/dL 

GO@nAg 
Fusarium 

graminearum 

Spore germination 

inhibition 
n.d. 

The GO@nAg nanocomposite showed 

almost a 3- and 7-fold increase of inhibition 

efficiency over pure nAg and GO 

suspension, respectively. 

Chen et al., 

2016 

nTiO2@MWCNT 
Danio rerio  

embryos 

Acute toxicity, hatching 

rate, growth, yolk sac 

size, and sarcomere 

length 

n.d. 
TiO2@MWCNT hybrid NMs showed no 

acute toxicity to zebrafish embryos 

Da Silva et 

al., 2018 

GO@nAg 
Zebrafish  

embryos 

Mortality, 

malformation, edema, 

hatching, total length, 

and yolk sac size 

n.d. 

With chorion: LC50 of GO@nAg hybrid 

NMs: 1.4 [1.3-1.7] mg/L; 

Without chorion: LC50 of GO@nAg hybrid 

NMs: 1.0 [0.9-1.2] mg/L; 

The toxic effects of GO@nAg were lower 

than AgNO3, but higher than GO 

de Medeiros 

et al., 2021 
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nSe@nIO 
Staphylococcus 

aureus 
Biofilm viability n.d. 

The relative fraction of dead-to-live bacteria 

of the nanocomposites (400.0%) was much 

higher than that of nSe (51.6%) and nIO 

(60.0%) 

Li et al., 

2020 

GO@polyvinylpyrroli

done-stabilized nAg 

Pseudomonas 

aeruginosa 

Bacterial growth 

inhibition 
n.d. 

This hybrid nanocomposite poses enhanced 

antibacterial activity against carbapenem-

resistant P. aeruginosa strains through a 

possible synergy between toxicity mecha-

nisms of GO nanosheets and nAg 

Lozovskis 

et al., 2020 

nTiO2@MWCNT-

CNF 

Pseudokirchneriella 

subcapitata 

Growth inhibition and 

sublethal oxidative 

stress 

n.d. 

Acute exposure of P. subcapitata to various 

concentrations of TiO2@MWCNT-CNF 

nanocomposite may cause algal growth 

inhibition including undesirable sublethal 

oxidative stress effects 

Malatjie et 

al., 2022 

nZn@nCuO 
Xenopus laevis 

embyos 

Bioaccumulation, 

oxidative stress, and 

histopathology 

n.d. 

nZn@nCuO nanocomposite does induce 

only mild acute toxicity in X. laevis 

embryos. Nevertheless, these effects are 

smaller than those of nZnO. Interestingly, 

embryos exposed to the nanocomposite 

accumulate NPs more efficiently than those 

exposed to nCuO and nZnO, but the 

internalized NMs do not induce severe acute 

toxicity 

Mantecca et 

al., 2015 

nAg@GO 

Chit-nAg@GO 

Staphylococcus 

aureus 

 UCLA 8076 Bacterial growth 

inhibition 

nAg@GO: 1.90 Ag + 

1.5 GO μg/mL 

Chit-nAg@GO (1:8): 

1.19 Ag + 1.41 GO 

μg/mL 

Chit-nAg@GO exhibit higher antibacterial 

activity than most of the antibacterial agents 

based on nAg or nAg@GO reported 

Marta et al., 

2015 Staphylococcus 

aureus 

1190R 
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PSF-CNF@nAg 

Bacillus subtilis 

Bacterial growth 

inhibition 
n.d. 

In solid phase the gram-positive bacteria 

showed higher sensitivity for PSF-

CNF@nAg membranes, while in liquid 

phase the antimicrobial activity of the 

hybrid membrane is more pronounced 

towards gram-negative species. 

Furthermore, in the case of E. coli, the 

growth inhibition in liquid medium is 

probably due to the synergetic action of the 

modified CNF and nAg 

Mocanu et 

al., 2019 

Escherichia coli 

Ag-nZnO@SWCNT 
Escherichia coli 

Viable cell numbers n.d. 

All multicomponent NMs have been 

reported to possess strong antimicrobial 

activity towards E. coli and S. aureus 

bacteria, due to synergistic effect between 

metal-doped ZnO nanoparticles and carbon 

nanotubes 

Mohammed 

et al., 2019 

Au-nZnO@SWCNT 

Ag-nZnO@MWCNT 
Staphylococcus 

aureus Au-nZnO@MWCNT 

nAg@GO 

Escherichia coli 
Antimicrobial effect 

mean inhibition zone 
n.d. 

An increase in the inhibition zone with the 

increase in amount of nAg@GO 

nanocomposite is obvious due to greater 

antimicrobial agents 

Naeem et 

al., 2019 Staphylococcus 

aureus 

rGO@nCu2O 

Escherichia coli 

Bacterial growth 

inhibition 

5.9 μg/mL rGO@nCu2O nanocomposite have a 

higher antimicrobial activity toward gram-

negative and gram-positive bacteria when 

compared with reference antibiotics such as 

kanamycin and streptomycin 

Selim et al., 

2020 

Pseudo-monas 

aeruginosa 
2.9 μg/mL 

Bacillus subtilis 2.9 μg/mL 

nAu@nZnO 
Ruditapes 

decussatus 

Levels of H2O2, 

MDA, intracellular iron 

and calcium as well as 

the activities of SOD 

and CAT 

n.d. 

nAu@nZnO hybrid NMs induced 

biochemical and histological alterations 

within either the digestive gland or gill 

tissues at high concentration 

Sellami et 

al., 2017 



S24 
 

nAg@MWCNT 

Methylobacterium 

spp. Bacterial growth 

inhibition 
30 μg/mL 

30 μg/mL of synthesized Ag@MWCNTs 

yielded an efficient level of antibacterial 

activity against Methylobacterium spp. and 

Sphingomonas spp. 

Seo et al., 

2014 
Sphingomonas spp. 

nAu@nAg 

Escherichia coli 

Bacterial growth 

inhibition 

10 μg/mL 

Compared with individual nAg and the 

simple mixture of nAu and nAg, bimetallic 

nAu@nAg with remarkable stability and a 

long-term antibacterial efficiency while 

possessed synergistically enhanced 

antibacterial activity against both gram-

negative and gram-positive bacteria, even at 

a lower silver concentration 

Yang et al., 

2017 

Staphylococcus 

aureus 
15 μg/mL 

nAg@GO 
Escherichia coli 

Bacterial growth 

inhibition 

3.2 μg/mL 
After conjugating to GO sheets, the 

antibacterial activities of nAg against E. 

coli and B. subtilis were significantly 

enhanced 

Zhu et al., 

2013 
Bacillus subtilis 6.4 μg/mL 

a N.d. = not determined, Chit ‒ chitosan, CNCs ‒ cellulose nanocrystals, CNF ‒ carbon nanofiber, GO ‒ graphene oxide, IO ‒ iron oxide, MWCNT ‒ 
multiwall carbon nanotube, PSF ‒ polysulfone, rGO ‒ reduced graphene oxide, SWCNT ‒ single walled carbon nanotube. 
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Figure S2. Minimum inhibitory concentrations (MICs) for bacteria exposed to multicomponent nanomaterials. 
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